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O uter nuclear layer thickness (ONL) measured using spectral-domain optical coherence tomography (SD-OCT) has been used to provide an indirect, noninvasive measure of photoreceptor survival when studying photoreceptor degeneration in human eyes and mouse models of retinal degeneration. [1] [2] [3] [4] The normal ONL contains rod and cone photoreceptor nuclei throughout the retina with the exception of a rod-free zone approximately 350 lm in diameter, extending 100 to 200 lm from the foveal center, in which only cones are present; rods and cones are present in equal density at 400 to 500 lm from the foveal center, and rod nuclei predominate the ONL at locations eccentric to 500 lm. 5 Noninvasive studies in which SD-OCT measures of retinal thickness are compared to en face images of cone photoreceptors in human subjects have not shown consistent correlations between ONL thickness and cone density values, perhaps because rod and cone photoreceptor nuclei contribute to ONL thickness, while cone photoreceptors are most readily imaged noninvasively using en face, adaptive optics (AO) techniques. 6 Curcio et al. 7, 8 compared OCT with histological data in eyes without retinal degeneration and found that parafoveal ONL thickness increases and the Henle's fiber layer (HFL) thickness may increase with age, although rod photoreceptor numbers decrease with age. Chui et al. 6 measured cone density using AO scanning laser ophthalmoscopy (AOSLO) and found ONL thickness increased, while cone density decreased, with age. These results could reflect changes associated with age-related Copyright 2015 The Association for Research in Vision and Ophthalmology, Inc. www.iovs.org j ISSN: 1552-5783 remodeling of retinal structures within the boundaries used for ONL measurements with OCT.
Lujan et al. 9 developed a technique called directional OCT (D-OCT), in which images are acquired with a displaced pupil entry position, resulting in a reflectivity change that provides the optical contrast necessary to distinguish the HFL from the true ONL. The current study used D-OCT to distinguish the ONL from the HFL, and compared ''true'' ONL thickness with cone density values at identical retinal locations in normal eyes and patients with retinitis pigmentosa (RP).
MATERIALS AND METHODS
In this cross-sectional study, D-OCT and AOSLO images were acquired during a single session as part of a prospective clinical trial (NCT00254605) using high-resolution retinal imaging to characterize photoreceptor structure in normal subjects and patients with RP. All subjects provided written informed consent. This study was approved by the Institutional Review Boards of the University of California, San Francisco and the University of California, Berkeley, and adhered to the tenets of the Declaration of Helsinki.
Clinical Examination
A complete history was obtained, including information about all known family members. Best-corrected visual acuity (VA) and refractive error were measured according to the Early Treatment of Diabetic Retinopathy Study protocol, Goldmann kinetic perimetry was measured in a light-adapted state using V4e and I4e targets, and total visual field area seen was calculated by adding seeing areas and subtracting scotomatous areas along every meridian. Axial length was measured noninvasively using partial coherent interferometry with short-coherence infrared light (780 nm wavelength; Carl Zeiss Meditec, Inc., Dublin, CA, USA), as described previously. 10, 11 Whole blood was obtained for mutation analysis in four of seven patients who had forms of RP for which genetic testing was available; two patients were tested through the eyeGENE consortium (National Eye Institute, National Institutes of Health [NIH], Bethesda, MD, USA) for molecular analysis of genes associated with x-linked RP (patient 40015) or with autosomal dominant RP (patient 10048); no disease-causing mutations were identified in 10048. Genetic testing for mutations associated with Ashkenazi heritage for patient 40030 was performed through the Carver nonprofit genetic testing laboratory (Iowa City, IA, USA); no disease-causing mutations were identified in the DHDDS, LCA5, MAK, PCDH15, or USH3A genes. Genetic testing was performed through a research protocol (Radha Ayyagari, PhD, Project #081869, University of California, San Diego, San Diego, CA, USA) using whole exome sequencing in families with autosomal recessive RP from a consanguineous pedigree (patient 40032). Genetic testing was not performed on isolated RP cases without a history of Ashkenazi Jewish descent or a family history of consanguinity (patients 30015, 40058, and 40060).
D-OCT Data Collection and HFL Thickness Measurements
The SD-OCT (Spectralis HRAþOCT; Heidelberg Engineering, Heidelberg, Germany) scans were obtained using standard and displaced pupil entry positions. The D-OCT image protocol included a horizontal scan through the fovea using a central scanning laser entry position, and two additional horizontal scans acquired using nasally-and temporally-displaced pupil entry positions, as previously described (Fig. 1) . 9 Varying the pupil entry position causes an apparent tilt to the horizontal Bscan due to differing optical path-lengths. 9 The automated real time (ART) fundus-tracking system was used to average 100 scans for each image.
The horizontal B-scans acquired using displaced pupil entry positions were used to identify the HFL and measure the ONL thickness. A second-order polynomial 2-D spatial transformation was performed with Adobe Photoshop (Adobe, Inc., San Jose, CA, USA) to obtain registered sets, which were verified by toggling between images. 12 Total retinal thickness from the internal limiting membrane (ILM) to Bruch's membrane was measured in each subject, and no change occurred after transformation. Registration was graded as acceptable if motion of either the ILM or RPE contours was undetectable. Images were registered pairwise between the flat image and a single inclined image, and then the flat image and other inclined images to result in a composite stack of three images of the same part of the macula having been acquired through the three different pupil positions. These B-scans were exported to ImageJ (Rasband WS, 119-2012; http://imagej. nih.gov/ij/; provided in the public domain by the National Institutes of Health, Bethesda, MD, USA) where the multipoint selection tool was used to mark five different retinal layers: ILM, transition between the outer plexiform layer (OPL) and HFL, transition between the HFL and the ONL, external limiting membrane (ELM), and outer edge of the RPE. For each layer 40 points were selected by a single grader. The ONL thickness was defined as the distance between the inner edge of the ELM to the outer edge of the HFL (Fig. 2) . Only scans that allowed complete visualization of the transition between OPL, HFL, and ONL were used for measurements. Central retinal thickness (CRT) was defined as the vertical distance from the inner edge of the ILM to the outer edge of the RPE at the thinnest point within the foveal pit. Layer segmentation data were processed using custom-written software in MatLab (MathWorks, Inc., Natick, MA, USA). To assess OCT segmentation repeatability, the same grader repeated the segmentation at a second time point separated from the first session by 4 weeks to 4 months, independent from and masked to the initial OCT layer selection.
AOSLO Image Acquisition and Cone Structure Analysis
High-resolution image acquisition with AOSLO and postacquisition processing were performed as described previously. 10, 13 For each subject the AOSLO image montage was precisely aligned with the near-infrared (NIR) fundus image acquired simultaneously with the D-OCT image (Adobe Illustrator; Adobe, Inc.), and the scan line on the NIR image was used to align the location of the D-OCT B-scan with the AOSLO montage. Using custom-written software regions of interest (ROIs) were selected on the AOSLO montage located along the line indicating the location of the D-OCT scan. The area imaged at each ROI measured 10 3 10 arcminutes and the ROIs were spaced 0.58 apart. Using these settings, four to six ROIs were selected nasally and temporally along the horizontal scan through the fovea, depending on the quality and size of the AOSLO montage (Fig. 3) . Cone spacing measures were performed by two independent graders (Graders 1 and 2) using previously described methods. 10, 13 Cone spacing was chosen because the measures are least affected by image quality and do not require the identification of every single cone within a ROI. Cone spacing measures were converted to cone density values (cones/degree 2 ) assuming hexagonal packing of the cone mosaic. To test this assumption, a subset of patients in which every cone in the mosaic was clearly visible was used to determine cone density values directly (CD) and compared to cone density values derived from cone spacing measures from each grader. We computed the pairwise difference between CD and Grader 1, CD and Grader 2, and Graders 1 and 2. We compared the mean absolute difference between the first two of these and the third to estimate whether or not CD was more different from Graders 1 and 2 than the difference between the cone density values derived by Graders 1 and 2. The P value was estimated by permutation of the values for CD, Grader 1, and Grader 2 within each subject.
Statistical Analysis
Age was compared between patients and normal subjects using the Wilcoxon rank sum test; axial length, spherical equivalent (SE) and VA were compared using linear mixed FIGURE 2. The D-OCT image of a normal subject illustrates the method of retinal layer segmentation using the multipoint selection tool of ImageJ. The ONL thickness was defined as the distance between the inner edge of the ELM (4) to the outer edge of the HFL (3). 1, ILM; 2, the transition between the OPL and the HFL; 3, the transition between the HFL and the ONL; 4, ELM; 5, the outer edge of the RPE. effects regression. Goldmann targets V4e and I4e were compared using the Wilcoxon rank sum test. Comparisons of cone density between two graders were conducted using the consistency intraclass correlation. Average ONL thickness measurements made at each time were used for statistical comparison. Correlation between estimated cone density and ONL thickness at each region was assessed using the Spearman rank correlation r. Differences between Spearman rank correlations between regions within each eye and between patients and normal subjects were assessed using bootstrap resampling by subject (clustered bootstrap), accounting for the correlation between measurements taken on different regions within the same eye, and between the two eyes of the same subject. To determine the relative importance of eccentricity and ONL thickness in explaining cone density, we used the decomposition method as described by Lindeman et al.
14 with approximate 95% bootstrap percentile confidence intervals (CIs) generated by resampling eyes, which yields a normalized importance score for each predictor; the importance scores are between 0 and 1, and sum up to 1. We used ordinary linear regression to model the cone density, using eccentricity and ONL thickness up to the second order. All calculations were conducted using R v. 3.0 (packages irr and lme4; R Foundation for Statistical Computing, Vienna, Austria).
RESULTS

Study Population
Clinical characteristics of the study participants are summarized in Table 1 . We analyzed 20 normal eyes (10 subjects) and 12 eyes (7 patients) with RP. The normal subjects were older (mean 48.3 6 11 years) than the patients (35.7 6 11 years), but not significantly (P ¼ 0.06, Wilcoxon rank sum test). There were more female patients (58%) than normal subjects (30%). The VA was excellent in both groups, but statistically significantly better in the normal population (P ¼ 0.002). The visual field areas (Goldmann targets V4e and I4e) were statistically significantly smaller in the patients (P ¼ 0.004 and <0.001, Wilcoxon rank sum test). The SE of the patients was more myopic than the normal subjects (P < 0.001, linear mixed model), but the axial lengths were not significantly different between the groups (P ¼ 0.39, linear mixed model) ( Table 1) .
Outcome Measures
The mean (6SD) CRT was 239 6 15 lm in normal eyes and 240 6 29 lm in eyes with RP (P ¼ 0.62, linear mixed model, controlling for sex). Within normal eyes, the mean CRT in female eyes (224 6 6 lm) was thinner than in male eyes (245 6 13 lm, P ¼ 0.009). In eyes with RP, the mean CRT in female eyes (253 6 22 lm) was thicker than in male eyes (217 6 30 lm, P ¼ 0.15), likely because more males than females with advanced disease were studied. The ONL thickness at each retinal location was not significantly different between normal subjects and patients (P ¼ 0.31, linear mixed model, adjusting for retinal location and sex), and the interindividual variation for ONL thickness measures at each location was high (SD/ mean ONL thickness ¼ 13% to 23% for normal eyes, 1% to 28% for patient eyes (Table 2) . Figure 4 plots the cone densities of the normal and RP retinas as a function of location (see also Table 2 ). Overall, cone densities were significantly lower in eyes with RP compared to normal eyes. The comparison of each single retinal location separately also revealed lower average cone densities in eyes with RP compared to normal eyes, although it did not reach statistical significance at individual retinal locations (Table 2) , and interindividual variation in cone density at each location was high (SD/mean CD ¼ 9%-17% in normal eyes, 17%-33% in patient eyes, Table 2 ). Although histological studies have demonstrated higher cone densities in nasal compared to temporal retina, 5 we did not detect a significant differences in average cone densities in the nasal compared to the temporal retina in either patients or normal VA was reported as the quotient (20/20 ¼ 1.0). Age is shown in years. Sphere, cylinder, and SE are shown in diopters. Axial length is in millimeters. CRT is in micrometers. Visual field is reported as total degrees of visual field seen in response to the Goldmann V4e and I4e targets. RP, simplex RP; XLRP, x-linked RP due to homozygous p.Glu809GlyfsX25 mutation in the RPGR gene; ARRP, autosomal recessive RP associated with homozygous p.Gly1961Glu mutations in the ABCA4 gene; M, male; F, female. subjects (P ¼ 0.96 and 0.69, respectively, linear mixed model, clustering for eye and patient). To evaluate the decision to convert cone spacing to cone density assuming a hexagonal packing pattern, cone density was measured directly in a subset of patient eyes in which at least one ROI enabled identification of every single cone in the mosaic (n ¼ 6); values were comparable to the cone density values computed from the cone spacing (P ¼ 0.09, permutation test, Table 3 ).
Both ONL thickness and cone densities decreased with increasing eccentricity from the fovea ( Table 2) Fig. 5C ). The ONL thickness and cone density between 0.58 and 1.58 eccentricity were more strongly correlated (r ¼ 0.67; 95% CI, 0.55-0.81; Fig. 5D ), than regions from 1.58 to 3.08 (r ¼ 0.23; 95% CI, À0.06 to 0.48; Fig. 5E) ; the difference between these regions was statistically significant (95% CI, 0.27-0.63). The correlation was highly variable for normal subjects and RP patients when individual locations were analyzed ( Table 2) . The relationship between retinal eccentricity, ONL thickness, and cone density then was evaluated. The normalized relative importance of eccentricity was 0.77 (0.65-0.85), and of thickness was 0.22 (0.14-0.32, the relative importance of the interaction term was 0.013 [0.005-0.041]). We found that eccentricity and ONL thickness were important predictors of cone density, though eccentricity was over 3 times as important as ONL thickness. The Spearman correlation analyses did not differ significantly when computed with ONLþHFL thickness instead of ONL thickness measured using D-OCT (data not shown).
Modeling the relationship between ONL thickness and cone density as a function of degrees from the foveal center revealed a regression coefficient of 37.2 (95% CI, 30.1-44.2) cones/deg 2 per lm retinal thickness, including all eyes and all regions for normal subjects and RP patients. When normal and RP eyes were compared separately, the regression coefficients were 35.6 (95% CI, 27.7-43.5) and 32.8 (95% CI, 21.8-43.8), respectively (P ¼ 0.82, controlling for degree and subject and interaction). The intergrader variability for the cone density and the intragrader variability for the ONL thickness showed good agreement, with ICC ¼ 0.95 (95% CI, 0.93-0.96) and ICC ¼ 0.91 (95% CI, 0.88-0.92), respectively.
DISCUSSION
The present study compared measures of cone photoreceptor structure by measuring the ONL thickness using D-OCT to N3-4  3712  3802  3695  40058  OD  T5-6  2256  2473  2307  40060  OS  N2  3392  3522  3501  40060  OD  N5  1936  1948  1835  30015  OS  T3  3488  3829  3868  30015  OD  T5  2448  2147  1999 Columns 5 (Grader 1) and 6 (Grader 2) show the cone density values converted from cone spacing measures, assuming a hexagonal pattern at similar retinal eccentricity. Column 3 shows the retinal location, where N stands for nasal and T for temporal. N2 is located at 1.08 nasal to the fovea, and subsequent ROIs are separated by 0.58 spacing intervals as described in the Materials and Methods. isolate the ONL from the HFL components of cross-sectional SD-OCT images and cone photoreceptor spacing using AOSLO en face images. The ONL thickness and cone density were correlated in normal subjects and patients with RP. The relationship between ONL thickness and cone density was strongest at locations between 0.58 and 1.58 eccentricity, where cones likely predominate the ONL thickness, and decreased at more eccentric (1.58-3.08) regions. However, the interindividual variability (as manifest by standard deviation values) of ONL thickness and cone density at single retinal locations was high (Table 2 ; Fig. 4 ), in accordance with published data. 5, 15, 16 The high variability also is reflected in the wide range of values around the best fit regression line (Fig. 5 ) and the range of correlation coefficients when retinal locations were analyzed individually ( Table 2 ). Eccentricity and ONL thickness were important predictors of cone density, but eccentricity was over 3 times as important as ONL thickness. The correlation between ONL thickness and cone density is not strong enough to reliably predict cone density from ONL thickness at any given retinal location, and is likely due largely to the relationship between retinal eccentricity, and cone density and ONL thickness.
The resolution limits of the AOSLO system used in this study did not permit acquisition of rod photoreceptors which, depending on the distance to the fovea, significantly contribute to ONL thickness. According to histological data, rods and cones are present at equal densities beginning at approximately 400 to 500 lm from the foveal center, 5 which corresponds to an eccentricity of approximately 1.58 (300 lm/deg). Regions from 0.58 to 1.58 eccentricity showed a stronger correlation between ONL thickness and cone density than regions from 1.58 to 3.08, which showed no significant correlation. The lower correlation found in the current study for eccentricities greater than 1.58 may reflect the increasing number of rod photoreceptors contributing to the ONL thickness in regions at these locations. However, we would expect higher correlations at the retinal regions closest to the fovea (regions N1 and T1 at 0.58 eccentricity); correlation coefficients at single retinal locations were highly variable and did not reveal a pattern with better correlations in rod-free or presumed low rod-count regions (Table 2 ). Due to the resolution limits of our AOSLO system we could not obtain quantifiable images of foveal cones in all subjects; perhaps correlating ONL thickness at the fovea with foveal cone spacing measures would demonstrate a closer correlation between OCT measures of ONL thickness and cone spacing measures using AOSLO. Finally, the significant correlation values obtained for the binned regions, including locations between 0.58 and 1.58, were substantially eccentricity-driven. Taken together, the findings indicated that ONL thickness, even when the HFL is excluded with D-OCT, cannot be used to predict cone density accurately.
Previous studies comparing the ONL thickness (including HFL) with cone density using AOSLO found that average cone densities were lower, but ONLþHFL thicknesses were greater, in older subjects. 6 A comparison of histological sections studied with SD-OCT showed that the ONL is much thinner in histological sections compared to SD-OCT images, due not only to the overall thinner histological sections (nonlinear tissue shrinkage due to dehydration and sectioning stress), but more importantly to the HFL, since the ONL band in SD-OCT contains the histologic ONL and HFL. 7 In contrast, the OPL band in SD-OCT is thinner than the histologic OPL, because it does not include the HFL. The inner aspect of the ONL as visualized by SD-OCT inconsistently contains the HFL. 7, [17] [18] [19] To overcome a possible contribution of the HFL to the ONL thickness, we distinguished the HFL from ONL thickness measurements by obtaining D-OCT images. 9 The measurement of true ONL thickness without contribution from HFL did not reveal a more consistent relationship between ONL thickness and cone density in the present study. Thus, our results are similar to other reports which included HFL in their measurements. 6 The in vivo measurement of cone photoreceptors with AOSLO has been used to assess cone structure in normal subjects and patients with retinal degenerations. 10, 13, [20] [21] [22] [23] The reproducibility of AOSLO measures in the present study, as graded by two experienced independent readers, was high. Cone density was calculated from cone spacing assuming a hexagonal packing of the cone mosaic. In eyes with RP, hexagonal packing of the mosaic may be lost during disease progression, and such an assumption would be erroneous. Cone density was measured directly in a subset of patients with RP, where at least one ROI enabled identification of every cone in the mosaic (Table 3) . Comparison of the directly measured cone density values with the numbers calculated from cone spacing did not reveal a statistically significant difference in this study (P ¼ 0.09, Table 3 ).
Cone density was lower in patients compared to normal subjects, but ONL thickness was similar in both groups. In the current study, the patients had a higher average myopic refractive error, but the axial lengths were not significantly different between normal eyes and eyes with RP. According to Li et al. 24 we would not expect differences in the cone spacing with comparable axial lengths despite differences in refractive error.
In RP, photoreceptor outer segments are lost earliest, followed by loss of inner segments, and finally loss of the photoreceptor nuclei. 25, 26 Since the ONL comprises cone and rod nuclei, the discrepancy between ONL thickness and cone density may be due to the contribution of rod nuclei in the ONL, since rods were not visualized or quantified in the current study. However, in RP rods degenerate earlier than cones, so the observation that the ONL thickness remains normal in the context of reduced cone density at a number of locations in the RP patients may suggest that the ONL thickness is not as sensitive to early photoreceptor degeneration as AOSLO measures of cone density. Secondly, since cone spacing and density measures represent light reflected by photoreceptors in which the photoreceptor interface with the RPE and the inner segment/outer segment junction is intact, 27 photoreceptor nuclei may persist in regions where the outer and inner segments have degenerated, explaining the difference observed in cone density from AOSLO images despite similar ONL thicknesses. Alternatively, the ONL thickness may be increased in eyes with RP compared to healthy eyes as a consequence of retinal remodeling which occurs during retinal degeneration. 28, 29 Retinal remodeling encompasses different phases, initially manifest as altered synaptic connections and neurite sprouting of stressed photoreceptors; subsequent photoreceptor death, cell body phagocytosis, and Müller cell hypertrophy, and eventual migration of the surviving neurons and glial cells. 29 Chui et al. 6 found that cone density measures decrease while ONL thickness increases with age, possibly also a consequence of retinal remodeling processes. Retinal remodeling processes might lead to thickening of retinal layers despite photoreceptor degeneration. 29, 30 Including additional RP patients with more advanced disease in future studies may demonstrate significant changes in ONL thickness with more pronounced photoreceptor loss.
In the present study, there were more females than males in the RP group (58%) compared to the normal subjects (30%). According to Wagner-Schuman et al. 31 women have thinner central retinal thicknesses than men. In the present study, CRT was significantly thinner among female than male normal subjects (P ¼ 0.009), but in the patient group female CRT values were thicker than males, perhaps due to variations in disease severity or retinal remodeling. These findings are further evidence of the complexity of the structural changes occurring in retinal degeneration and could explain why cone densities were lower in patients with RP but ONL thicknesses were similar to normal eyes.
In conclusion, ONL thickness and cone density were significantly correlated in normal subjects and patients with RP. The correlation was weaker between 1.58 and 38 from the fovea than 0.58 and 1.58 from the fovea for normal subjects and patients with RP, likely due to the increasing number of rod photoreceptors contributing to the ONL thickness with increasing eccentricity from the fovea. However, the relationship between ONL thickness and cone density likely is strongly dependent on the relationship between both these variables and retinal eccentricity. We observed a range of cone density values around the best-fit regression line, making it challenging to predict cone density from ONL thickness, even when ONL thickness was measured with exclusion of HFL from D-OCT scans. Cone density was lower in RP patients with excellent visual acuity, while the ONL thickness in the central retina was comparable to normal subjects, suggesting that cone density derived from AOSLO images may provide a more sensitive measure of disease progression in RP than ONL thickness measures even when the HFL is excluded using D-OCT.
